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Abstract. The velocity auto-correlation spectra of simple liquids obtained by the NMR method of modu-
lated gradient spin echo show features in the low frequency range up to a few kHz, which can be explained
reasonably well by a t−3/2 long time tail decay only for non-polar liquid toluene, while the spectra of polar
liquids, such as ethanol, water and glycerol, are more congruent with the model of diffusion of particles
temporarily trapped in potential wells created by their neighbors. As the method provides the spectrum
averaged over ensemble of particle trajectories, the initial non-exponential decay of spin echoes is attributed
to a spatial heterogeneity of molecular motion in a bulk of liquid, reflected in distribution of the echo de-
cays for short trajectories. While at longer time intervals, and thus with longer trajectories, heterogeneity
is averaged out, giving rise to a spectrum which is explained as a combination of molecular self-diffusion
and eddy diffusion within the vortexes of hydrodynamic fluctuations.
PACS. 76.60.Lz Spin echoes and 83.10.Mj Molecular dynamics, Brownian dynamics and 33.20.-t Molecular
spectra
1 Introduction
The velocity autocorrelation function (VAF) is a key quan-
tity of the molecular translational dynamics containing
information about the underlying processes of molecular
interaction in fluids. Phenomena such as thermal and mass
diffusion, sound propagation, transverse-wave excitation,
having either a single-particle or a collective nature, are
all reflected through the motions of individual particles in
the VAF. One of the most significant discoveries in the
field of molecular dynamic in fluids is the existence of a
non-exponential long-time tail (LTT) in VAF, described
for 3D systems by the power law≈ t−3/2, at first predicted
on the ground of Landau-Lifshitz theory of hydrodynamic
fluctuation [1–4]. However, this discovery gained momen-
tum after its confirmation by simulations of hard-sphere
fluid dynamics [5], which show that a diffusing hard sphere
develops a vortex flow. This flow is essentially a hydrody-
namic back-flow effect responsible for the persistence of
the VAF at long times [6]. Since then much experimental,
theoretical, and computational work has been undertaken
in order to understand aspects of this behavior of the VAF
in fluids.
The VAF of liquids can be measured indirectly with
neutron [7–9] and light scattering [10]. The short time
scale limitation of these methods leads to the results that
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are not very conclusive on the asymptotic LTT behavior of
the VAF [11]. Some experimental evidence of LTT is found
in the systems of moderately concentrated polystyrene
spheres and colloidal fluids of hard spheres by dynamic
light scattering [12–14] and by optical microscopy [15] but
without unambiguous determination of its decay. This led
to the conclusion that the computer molecular dynamics
simulation is the most direct analytical tool for the study
of the LTT.
Theoretical studies [16] and simulation for various sys-
tems and molecular interactions [17,18,11,19–23] rein-
forced the hypothesis of the power law time dependence
of the LTT, but with limitations posed by a finite time in-
terval of simulations and the uncertainty of extrapolation
to an infinite number of interacting particles [24]. These
studies give comprehensive understanding of the LTT in a
hard disk/sphere system, in contrast to the systems with
more realistic continuous interaction like a Lennard-Jones
potentials, where the LTT appears only in intermediate
densities, almost in the gaseous state, while in dense sys-
tems other dynamical effects on shorter time scales, such
as backscattering due to bouncing of atoms of near neigh-
bours, effectively hide the LTT [25–28].
Thus, determination of the VAF asymptotic behav-
ior in dense systems remains a challenge. which complete
understanding cannot be revealed by using traditional ex-
perimental techniques. Instead, new information could be
provided with techniques unrelated to these mainstream
research tools. A lot of effort has been devoted to un-
derstand the molecular translation dynamics in liquids
by measuring the self-diffusion coefficient, D for instances
with tracer techniques and NMR pulsed gradient spin echo
method or by the direct measurement of power spectrum
of VAF, i.e the velocity autocorrelation spectrum (VAS)
by modulated gradient spin echo method (MGSE). Espe-
cially the latter proved to be very successful at measuring
the VAS of polymer melts [29], fluidized granular motion
[30], and restricted diffusion in porous systems [31–34].
2 Measurement of molecular dynamics by
NMR gradient spin echo
Well known results of D measurements in water by tracer
technique in a wide temperature range [35] are com-
monly used to calibrate other measuring techniques, par-
ticularly measurements of diffusion by the gradient spin
echo method. This method, which is almost as old as NMR
itself [36,37], uses the magnetic field gradient ∇|B| = G
(MFG) to detect the translational displacement of molecules
via precession of their atomic nuclear spins in magnetic
field. The method of pulsed gradient spin echo (PGSE)
provides the spin echo attenuation proportional to the
molecular mean squared displacement (MSD) in the inter-
val between two consecutive MFG pulses [38,39]. PGSE
measurements of water D show its follows the Arrhenius
law [40] as well as the Stokes-Einstein relation for all tem-
peratures above 273 K, but deviates below it and in the
supercooled regime [41]. This was attributed to the inter-
molecular hydrogen bonding [42,43]. However, theoretical
models generally predict somewhat larger value of D than
experimentally observed [44]. PGSE measurements of wa-
ter at different pressures and temperatures [45,46] show
D with scattered values exceeding the experimental un-
certainty [35]. The scattering is commonly assigned to an
inaccuracy of MFG calibration or to convection flows in
liquids. However, the measurement of diffusion in finite
time interval of PGSE may not result in D according to
the Einstein’s definition of D, as the time derivative of
MSD) in the long time limit [47], but in a time depen-
dent apparent diffusion coefficient (ADC) according to the
Green-Kubo expression [48,29]
Dxx(τ) =
∫ τ
0
〈vx(t)vx(0)〉τdt. (1)
Here Dxx denotes diffusion along x-axis and 〈. . .〉τ is the
ensemble average over trajectories traveled by particles
during the time interval τ . Both definitions are equiva-
lent, if the integral in Eq.1 does converge for long τ . Any
integral divergence indicates a time-dependent D contain-
ing information about asymptotic properties of VAF[49].
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ADC may differ from D obtained with the tracer method,
where an infinite time of observation is assumed. In the
measurements of liquids, the dependence of ADC on the
interval between gradient pulses τ , is quite commonly ei-
ther neglected [46] or not observed, because very short
diffusion times are not accessible due to the MFG coil
induction. However, there was a theoretical attempt to
analyze ADC time dependence of PGSE measurement in
liquids within the frame of hydrodynamic model of Brow-
nian motion [50].
Based on the general relation between the NMR gradi-
ent spin echo attenuation and VAF [51,52], the method of
modulated gradient spin echo (MGSE) was introduced [53,
54]. The method measures directly VAS at the frequency
determined by the rate of spatial spin phase modulation.
The temporal modulation of the spin phase is created by
the sequence of radio-frequency (RF) pulses and by puls-
ing or oscillating MFG. The ability of the techniques with
pulsed MFG was demonstrated by measuring VAS of wa-
ter flow through porous media [53], and VAS of the re-
stricted diffusion in porous media [31–34]. The technique
with oscillating MFG shows that the resolution of the dif-
fusion weighted MR images of brain and the images of dif-
fusion tensor of neurons improves with the increase of the
modulation frequency [55]. However, the self-inductance
of gradient coils limits the upper frequency range of the
technique to below 1 kHz. Later on, the MGSE technique
with constant MFG was developed, in which the gradient
coil self-induction is no longer a limiting factor. The fre-
quency range of the technique is increased and determined
by the rate of RF-pulses and the magnitude of the fixed
MFG. Thus, the measuring of VAS in the range above 10
kHz is possible. The advantage of the new MGSE tech-
nique has been demonstrated by the measurements of the
VAS of restricted diffusion in pores smaller than 0.1 µm
[56], the VAS of the granular dynamics in fluidized gran-
ular systems [30] and by the discovery of a new low fre-
quency mode of tube motion in melted polymers [29]. The
method can also employ the internal MFG in porous sys-
tems, generated by the susceptibility differences on inter-
faces, to obtain information about the pore morphology
and the distribution of internal MFG [56].
2.1 Modulated gradient spin echo method
The MGSE sequence is basically a Carr-Purcell-Meiboom-
Gill sequence (CPMG) consisting of initial pi/2-RF-pulse
and the train of N pi-RF pulses separated by time inter-
vals T [37,57], applied in the background of fixed MFG.
CPMG sequence was initially introduced to reduce the ef-
fect of diffusion on measurement of T2 relaxation by short-
ening the pulse spacing, T , but the presence of MFG im-
prints also information on the spectrum of VAF [51,52].
The application of this method for VAS measurements in
liquids, requires that consideration be given to other spin
interactions besides that with MFG. Although, the rapid
molecular motion on the time scale of pico- or nanoseconds
nullifies the spin dipole-dipole and first order quadrupole
interactions completely, spin interactions with electrons in
the molecular orbitals remain in liquids, resulting in the
chemical shifts of NMR spectrum, and the electron me-
diated spin-spin interactions, considered as a J-couplings.
Here, we are assuming that these interactions can be ne-
glected in a strong enough MFG of MGSE sequence. Thus,
the Hamiltonian of the spin dynamics can be simplified to
H = −
∑
i
[ωoIzi + ω(ri)Ii] +Hrf (t) +HL, (2)
where the sum runs over all individual spins. The Zee-
man interaction with the strong external uniform mag-
netic field oriented along the z-axis causes spin precession
with the frequency ωo = γB0z, while the interaction with
MFG gives the resonance off-set frequency ω(ri) = γG ·ri
for the spin at position ri. RF-term is described accord-
ing to its effect on spins in the field B0z as Hrf(t) =
Hxpi/2(t) + Hycpmg(t). The first term describes the initial
excitation with pi/2 RF-pulse, which turns the magnetiza-
tion into the transverse direction along the y-axis. The sec-
ond term describes the interaction with the train of pi-RF
pulses following initial excitation after the interval T/2:
Hcpmg(t) = −2ωpi(t) cos (ωot)
∑
i Iyi, where 2ωpi(t)/γ de-
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Fig. 1. Spin echo decays of water at three modulation fre-
quencies, presented by N = 40, 300 and 600 echo peaks respec-
tively, show a clear deviation from a mono-exponential decay
at ν = 3kHz .
notes the amplitude of pi-RF pulses. Each pi-RF pulse ro-
tates the magnetization around the y-axis for 180 degrees.
The last part of the Hamiltonian, HL includes all other
molecular interactions, including the magnetization relax-
ation [58].
Complex spin dynamics under the influence of the se-
quence of RF pulses and various magnetic fields can be
solved by using Feynman’s operator calculus [59,60], in
which the Hamiltonian is transformed into a series inter-
action representations. Subsequent transformations of sys-
tem, into the frame of molecular motion with the disen-
tanglement of HL in Eq.2, then into the frame rotating
with ωo and finally into the toggling frame determined by
Hycpmg(t) [51,54], amounts into the effective gradient/RF
Hamiltonian [56], which describes a combined effect of RF
and MFG fields as [56]
Hgt(t) = −
∑
i
ωz(ri(t))[Izi cos b(t)− Ixi sin b(t)]. (3)
Here, ωz(ri) is the z-component of ω(ri), which includes
the molecular motion, and the term with Ixi, which de-
scribes the resonance off-set due to simultaneous applica-
tion of MFG and RF-pulses. The first term of Eq.3 changes
sign after each pi-RF pulse, because b(t) =
∫ t
0
ωpi(t
′)dt′ tog-
gles cos b(t) between ±1. In the case of the infinitely short
pi-RF pulses, the fast transition between ±-states allows
us to neglect the second term, but not so if pi-RF pulses
have finite width δ. Then a pulsed perturbation along Ix
appears during the transitions. It can affect the MGSE
measurement of molecular self-diffusion as shown in the
Appendix.
In the case of pi-RF pulses short enough that ∆φ < 1
(see Appendix) and negligible spin relaxation, the first
approximation of the spin echo amplitude induced by the
y-component of magnetization at echo time τ = 2NT is
E(τ) ≈ d
dt
∑
i
Tr ρ(τ)Iyi
≈
∑
i
〈 e
i
∫ τ
0
ωz(ri(t)) cos b(t)dt
〉, (4)
if uniform sensitivity of the receiver coil across the excited
volume of sample is assumed [61]. Here, the oscillation of
f(t) =
∫ t
0
cos (b(t′)dt′ permits the integration par parts to
write
E(τ) ≈
∑
i
〈 e
−i
∫ τ
0
∇ωz(ri(t) · vi(t)f(t)dt
〉, (5)
where vi(t) is the velocity of the tagged spin bearing par-
ticle at time t.
Generally, fluctuations of a molecular system in the
thermal equilibrium are characterized by correlation func-
tions of relevant physical quantities. Here, we assume that
MFG is strong enough that only fluctuation of molecular
translation velocity, ∆vi(t) = vi(t)−〈vi(t)〉, can be taken
into account. With the assumption that ∆vi(t) is a ran-
dom variable, Eq.5 can be expanded into the cumulant
series. In case when the spatial discord of spin phase cre-
ated by MFG, i.e. λ = 2pi/γGT , is larger than the spin
displacements in the interval T , the first two terms of ex-
pansion are sufficient for the Gaussian phase approxima-
tion, which gives the spin echo amplitude [51,54,62]
E(τ) =
∑
i
Eoi e
iαi(τ) − βi(τ), (6)
where the sum goes over the sub-ensemble of spins that
have the same dynamical properties. In the case of molec-
ular diffusion in homogeneous media, the first phase shift
term
αi(τ) =
∫ τ
0
∇ωz(ri(t)) · 〈vi(t)〉f(t)dt
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Fig. 2. Frequency/temporal plots of ADC of water (left) and the variance < D2 > (right) at 23◦C. The variance levels to zero
at long τ showing that the distribution of motional properties disappears, when the molecule trajectories are long enough to
span the whole space of heterogeneity.
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Fig. 3. Frequency/temporal variation of ADC of toluene (left), and of variance < D2 > (right) at 23 ◦C.
is canceled after a few CPMG cycles due to toggling effect
of f(t). However, This is not true in the case of the re-
stricted diffusion [62]. The second term describes the echo
attenuation, which can be expressed in the frequency do-
main as [54]
βi(τ) =
1
pi
∫
∞
0
q(ω, τ)Di(ω, τ)q
∗(ω, τ) dω. (7)
Here the spectrum of the spin phase discord q(ω, t) =
∇ωz(ri)f(ω, t) is determined by f(ω, t), which is the fre-
quency spectrum of f(t) [51,52]. Di is the tensor of the
VAS
Di(ω, τ) =
1
pi
∫
∞
−∞
〈∆vi(t)⊗∆vi(0)〉τe−iωtdt, (8)
After, a few CPMG cycles, (N > 4) [53], the power spec-
trum of f(t) can be approximated by
|f(ω, t)|2 ≈ 2pit
∞∑
k=−∞
|ck|2 δ(ω − kωm), (9)
in which narrow lobes with the amplitude
|ck|2 = 4 sin (kpi/2)2/k4pi2ω2m appear at the multiples of
the modulation frequency, ωm = pi/T . Neglecting all but
the dominant first term and with MFG applied along the
z-axis, the echo peak amplitude at τ = NT can be written
as
E(τ, ωm) =
∑
i
Eoi e
− τ
T2i
− 8γ
2G2
pi2ω2m
Dzzi(ω, τ)τ
, (10)
if spin relaxation is included. Here Dzzi(ω, τ) is the z-
projection of the VAS tensor averaged over the trajecto-
ries of molecular motion in the interval τ . The described
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Fig. 4. The VAS of water and toluene at 23 ◦C obtained at
τ > 50 ms, when the spin echo decays mono-exponentially. Red
dashed lines show the fit by Eq.12, while the blue dashed lines
show the fit by the anticipated
√
ω-dependence of spectrum
corresponding to t−3/2-LTT dependence of VAF. It matches
reasonably well only for VAS of toluene.
method provides the low frequency part of the VAS by
changing the modulation frequency in the range, which is
limited above by the power of RF transmitter.
3 Experiments
Measurements were carried out on two different systems:
TecMag 100 MHz NMR spectrometer with a 2.35 T su-
perconducting magnet equipped with the Maxwell gradi-
ent coils capable of generating MFG in steps to 5.7 T/m.
Its high field allows precise MGSE measurement of VAS in
liquids, but low MFG limits the frequency range to the in-
terval from 50 Hz to 3000 Hz. Spin relaxation contribution
is determined by separate measurements in zero MFG.
Much higher but constant MFG of the NMR-MOUSE [63]
of 21.6 T/m allows measurements in the frequency inter-
val from 50 Hz to 10 kHz even of such slow self-diffusion
as that of glycerol.
In order to test the effect of molecular interaction be-
tween nearest neighbors in dense fluid that could effec-
tively hide the LTT [25–28], we conducted MGSE mea-
surement on three polar liquids: distillate water, ethanol
(analytical standard-Sigma-Aldrich), and glycerol (99.5%-
Sigma-Aldrich) with the dipole moments at room tem-
perature of 1.85 D, 1.69 D, and 2.56 D respectively and
non-polar toluene (99.8 %-Sigma-Aldrich). The interfer-
ence of restriction to diffusion by sample boundaries was
eliminated by enclosing the samples in a cylindrical glass
cell, 15 mm long and with 5 mm diameter, which are much
larger than molecular displacements in the interval of mea-
surement.
The results were checked with the measurements of all
samples on both systems, but with a lower accuracy on
the NMR-MOUSE due its low proton Larmor frequency
of 18.7 MHz.
4 Results and discussion
Preliminary MGSE measurements of various liquids (wa-
ter, ethanol, toluene, hexane, glycerol and water /glyc-
erol mixtures) reveal unexpected low frequency features
of VAS. Here we will only focus on the results of water,
toluene, ethanol and glycerol. In each experiment a train
of echoes was recorded with increasing τ (also N) and
normalized for transverse relaxation. Experiments were
repeated with different T (thus changing the modulation
frequency ν = 1/2T ). Log of spin amplitude vs decay time
τ is a line with the slope proportional to D(ωm) according
to Eq.10. However, at short τ a nonlinear decay of atten-
uation is observed as shown in Fig.1. In a heterogeneous
system, like liquid in porous medium, this is commonly
attributed to the distribution of decay times. By group-
ing the spins into separate sub-ensembles corresponding
to spins in different regimes of diffusion or in a differ-
ent internal MFG [56] one is able to distinguish groups of
spins, which have differing starting points for their motion.
In the case of short decay times τ , the particle displace-
ments are so small that their trajectories do not sample
the entire space, and can convey information about het-
erogeneity of translational dynamics [64]. The contribu-
tion of sub-ensembles with the distribution P (D) to the
recorded signal E(τ) =
∫
P (D)e−sDτdD gives rise to non-
exponential decay. With a small deviation from linearity
the spin echo attenuation can be approximated by
β(τ) = log[E(τ)] ≈ −τ/T2 − s〈D〉τ + s
2
2
〈∆D2〉τ2 + ...,(11)
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where 〈D〉 is the mean diffusion coefficient, 〈∆D2〉 is the
variance of distribution and s = 8γ
2G2
pi2ω2 is given in Eq.10.
Fitting the spin echo decays obtained by the measure-
ments in water, toluene, and ethanol by the polynomial
of the fifth order gives the curves with the coefficient of
determination R2 > 0.999999. After normalization for the
spin relaxation time, first derivatives of β(τ) give the val-
ues, which we considered as ADCs. Their dependence on
the spin-echo time τ and on the frequency of modula-
tion ν = 1/2T are presented in a frequency/temporal 3D
plots in Fig.2 for water, and in Fig.3 for toluene. Both fig-
ures are supplemented by the frequency/temporal contour
plot of second derivatives of β(τ), which describe the vari-
ance of diffusion distribution, 〈∆D2〉. Figures show that
at short τ and at high modulation frequencies there is a
non-zero value of variance, which reflects local diversity
observed when particle trajectories are short enough. Fig-
ures also show that at τ longer than 40 ms and frequencies
below 50 Hz, when particle trajectories are long enough
to span whole space of heterogeneity, 〈∆D2〉 levels to zero
and ADC becomes equal to VAS of the liquid. The same is
shown for the ethanol in Fig.5. From the frequency depen-
dence of 〈∆D2〉, we can estimate the size of heterogeneity
to about a few tens of micrometers, which agrees with
predictions [65].
When molecules are packed together in liquids, the
attractive/repulsive interactions between neighbors exert
effects that could be reflected in the VAS of liquids as
was already confirmed by the simulation studies [25–27].
In the case of polar liquids like water, ethanol, and glyc-
erol impact of this interactions on the VAS should be
much greater than for a non-polar toluene The results of
measurement in toluene, shown in Fig.3, exhibit a non-
exponential decay at short τ , but data obtained from the
interval of mono-exponential decay ( τ > 40 ms) give the
VAS of toluene, changing from 3.60 × 10−9 m2/s at 40
Hz to 4.45 × 10−9 m2/s at 3 kHz. The anticipated √ω-
dependence, corresponding to t−3/2-LTT of VAF, can be
roughly fitted to the obtained the VAS of toluene with
the deviation within the experimental error, as shown in
Fig.4. While the VAS of water, obtained in the interval of
mono-exponential decay, which increases from 2.2× 10−9
m2/s at 50 Hz to 2.75×10−9 m2/s at 3 kHz, and the same
of ethanol, which increases from 1.15×10−9 m2/s at 40 Hz
to 1.45× 10−9 m2/s at 3 kHz, show strong deviation from
√
ω as shown on Figs.4 and 5. These figures show attempts
to fit initial few points in the frequency range below 500
Hz for water and below 900 Hz for ethanol with
√
ω-curve,
which show a strong deviation from experimental data at
higher frequencies..
Self-diffusion coefficients in these liquids mostly follow
the Arrhenius law [66], which means that the molecules
in liquid state are momentarily trapped in potential wells
created by their neighbors. These measurements gave an
averaged excitation potential for water of 18 kJ/mol while
for non-polar toluene of about 8 kJ/mol. We assume that
molecular motions and hydrodynamic fluctuations reduce
the potential well enough to allow approximation of the
molecular dynamics with the set of Langevin equations of
particles harmonically coupled in pairs. Its solution gives
the low frequency part of VAS in the form
Dc(ω) =
D∞ +Doτ
2
c ω
2
1 + τ2c ω
2
, (12)
if the inertial terms are neglected. Here,D∞ is an averaged
diffusion rate, which depends on the number of coupled
molecules, and Do is the diffusion rate of a molecule es-
caping the binding. τc is the correlation time, which short-
ens with the strength of binding. Fig.4 and Fig.5 show fits
of Dc from Eq.12 to the obtained data for VAS of wa-
ter and ethanol with the coefficient of determination of
R2 > 0.99994.
NMR MOUSE, device with a strong constant MFG
and low Larmor frequency ωo, is not suitable for the mea-
surements of water, ethanol and toluene below 1 kHz,
because of excessive attenuation at low frequencies, i.e.
at long T . Nevertheless, their VAS at higher frequencies
match well those from 100 MHz NMR spectrometer. But
the strong MFG of NMR MOUSE suits well for the mea-
surement of very low diffusion coefficient of glycerol, a
substance with large dipole moment and strong hydrogen
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Fig. 5. Frequency/temporal plots of the variance < D2 > (left) and VAS of ethanol (right) at 23 ◦C obtained from the spin
echo attenuation in the range of mono-exponential decay. Red dashed line shows a good fit by Eq.12, but only a few points at
the low frequencies can be approximately fitted with LTT-dependence (the blue dashed).
Table 1. Parameters of Eq.12 fitting to VAS
sample D∞ Do/10
−9 m2s−1 τc/ms R
2
Ethanol 1.12 1.54 0.11 0.99996
Water 2.19 2.9 0.12 0.99996
Glycerol 0.0025 5 0.01 0.940
bondings. The inset in Fig.6 shows that ADC of glycerol
does not exhibit any dependence on the echo times. This
means that unlike water and alcohol, there is no effect of
distribution of diffusion on evolution times. It allows a di-
rect exponential fitting of its echo decays providing the
VAS of glycerol with the coefficient of determination of
R2 ≈ 0.9996 as shown in Fig.6. It changes from the ini-
tial value of 3 × 10−13 m2/s at 50 Hz to 10−9 m2/s at 10
kHz. The data can be fitted by Eq.12, but with a lower
coefficient of determination as shown in Tab.1.
The asymptotic values of VAS shown in Figs.4, 5 and
6 to the zero frequency, which are equal to the diffusion
coefficient in accordance with the Einstein’s definition in
Eq.1, for all liquids, correspond to the values obtained
from measurements on other devices [35,67–69].
5 Conclusion
In conclusion we can state that MGSE measurements un-
veil the low frequency VAS of simple liquids, which ap-
Fig. 6. VAS of glycerol at 23 ◦C obtained by NMR MOUSE
fits well with the formula 12 (red dashed line), while 3D inset
shows the absence of temporal variation.
proximately endorse the LTT origin predicted by the the-
ory and simulations only for toluene, while in the cases
of ethanol, water and glycerol, low-frequency VAS can be
better explained by self-diffusion of molecules temporar-
ily trapped in potential wells created by their neighbors
in their course of motion. Even in the case of toluene, the
deviation from the LTT dependence that is within the ex-
perimental error could be attributed to interactions, which
are small compared to polar fluids, which also is proven
by the smallness of its diffusive excitation potential of 8
kJ/mol.
Spin-echo non-exponential decay in the initial short
time intervals, unambiguously confirms an existence of
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diversity of diffusion in bulk of liquids, which is not for
instance the consequence of media in-homogeneity as ob-
served in the diffusion measurement in the porous system.
Given that the method provides the ensemble average of
VAS over the particle trajectories in the time interval of
measurement, the transition into mono-exponential spin-
echo decay at longer times means that long enough tra-
jectories, which traverse entire space of in-homogeneity,
conveys VAS averaged over the space of heterogeneity.
The inset in Fig.6 shows that ADC of glycerol does
not exhibit any dependence on echo times. We speculate
that the observed the variance of diffusion distribution
in the bulk of liquids is associated with hydrodynamic
fluctuations, in which the molecular diffusion process is
affected by the vortex motion of fluid [6]. Thus, in addition
to the size of heterogeneity, the rate of its change is also
important. Thus, we can explain the absence of 〈∆D2〉 in
the glycerol by the fluctuation of hydrodynamic vortexes,
with rate too fast to be observed in the shortest intervals
T attainable by our devices. According to the derivation of
Eq.12, a shorter τc means also stronger interactions. Tab.1
shows the correlation times, among which τc of glycerol is
ten times shorter than those of water and ethanol, which
corresponds to the magnitude of dipole moment of these
liquids.
So we can conclude that MGSE measurements provide
information of molecular translation dynamics in liquids,
which can be explained as a combination of molecular self-
diffusion and eddy diffusion processes [70] in the vortexes
of hydrodynamic fluctuation, while LTT is effectively hid-
den by intermolecular interactions in polar liquids.
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7 Appendix
Given that Hgt(t) is periodic and cyclic with period 2T ,
the resonance off-set effect can be calculated by using the
Magnus expansion of the time evolution operator [71]. The
expansion to the third order of the cumulant series gives
the averaged Hamiltonian, whose first term has been al-
ready considered in Sec.2.1. The derivation of the second
and the third terms results in the Hamiltonian
Hgtc = −(1− δ/2T ) δ
pi
∑
i
ω(ri)
2[Iyi − δ
pi
ω(ri)Izi], (13)
which describes the resonance off-set distortion over a cy-
cle 2T as an additional spin rotation in the interval of pi-
RF pulse application. Straightforward calculation results
in a factor effecting the signal induced by the y-component
of the i-th spin sub-ensemble as
kic =
1 +∆φ2i cos
(
piτ(1 − δ/2T )∆φ2i
√
1 +∆φ2i /δ
)
1 +∆φ2i
,(14)
where ∆φi =
δ
piω(ri). Summation over the sub-ensembles
in the volume, which is either selected by the initial pi/2-
RF pulse excitation in the background of MFG or deter-
mined by the size of the sample container [56], gives the
reduction factor of the echo amplitude
kc =
2
∆φ
arctan∆φ/2 (15)
with ∆φ = δpiγ |G ·∆r|, where |∆r| is the width of the
excited spin slice. Added to the signal is also a small os-
cillation with the amplitude ∆φ2/12 and the frequency
∆φ2/2δ as shown in Fig.1. Therefore, the interval of ob-
served echo decay should be much longer than the inverse
frequency of oscillations, τ > 2δ/∆φ2 in order to obtain
correct information about molecular motion from the av-
erage over the signal oscillations. The spin excitation by
initial pi/2-RF pulse in the background of constant MFG
provides the active volume giving ∆φ ≈ 1, which means
that averaging over the time of several δ is sufficient to
suppress resonance off-set distortion.
At the end of this discussion, it is necessary to ad-
dress the description of the spin echo by the concept of
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coherence pathways, which is sometimes incorrectly used
in MGSE measurements. Accordingly, the contributions of
different coherence pathways to the shape and decay of sig-
nal differently depend on diffusion and relaxation [72–74].
By the frequency filtering of the spin echo signal certain
coherence pathways can be excluded so that we get the one
that best suits the diffusion and relaxation measurements.
The zero frequency filtered echo signal, which isolates the
direct coherence pathway, is considered as the best to pro-
vide credible information about molecular diffusion. This
is true if we assume the self-diffusion coefficient which is
constant in the interval of measurement. In the case of
a slow molecular motion, the signal filtering removes in-
formation about motion that is above the threshold fre-
quency of low pass filter as is proven by measurements
of water in the reference [75]. Thus, the straightforward
calculation of the time integral over the spin echo is by def-
inition the zero frequency component spin echo, in which
all information about the spin motion with frequencies
ωc > γ |G ·∆r| /2 are filtered out. Thus, it is important
to take into account the principle of diffusion measure-
ment by the gradient spin echo, where only the peak of
the spin echo, which is by definition the integral over the
whole echo spectrum, E(Nτ) =
∫
E(ω)dω, conveys infor-
mation about molecular translational motions [76,51,54],
while the Fourier transformation of the spin echo signal
gives the image of the spin spatial distribution. This is
similar to the uncertainty principle in the quantum me-
chanics: “The more precisely the position of a particle is
given, the less precisely can one say what its momentum
is.”.
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